Noise sources are investigated in subsonic jets at Mach numbers M = 0.6 and M = 0.9, with Reynolds numbers ReD = 1700 and ReD ≥ 10 5 , using data provided by Large Eddy Simulations (LES). The cross-correlations between signals of the radiated sound pressure and turbulence signals along jet axis and shear layer are in particular calculated. The normalized correlations are found to be significant, around 0.10, between the pressure radiated in the downstream direction and the centerline flow quantities. In the cases involving the sideline pressure or flow quantities along the shear layer, the correlations are much smaller. The maximum correlations are observed on the jet axis just at the end of the potential core, and fall at large emission angles. Furthermore the correlations appear to be lower as the Mach number is reduced, and to be enhanced as the Reynolds number is decreased. These correlations can be expected to be mostly due to the noise source radiating downstream, which may thus be located on the jet centerline at the end of the potential core. This flow region is moreover characterized by a dominant frequency over a large axial distance and by a high level of intermittency.
I. Introduction
More than fifty years after Lighthill's pioneering work in 1952, noise generation mechanisms in subsonic jets are still not well-established in the literature. 1 This matter is to a great extend due to the fact that jet noise theories are closely dependent on the understanding of turbulence, which has significantly evolved. In the fifties, turbulence was for instance regarded only as fine-grained turbulence, whereas it was considered to be strongly dominated by coherent structures in the seventies and the eighties. There are also difficulties in identifying sound sources directly from the radiated sound field. The knowledge of the radiated acoustic field allows however to shed light on the sound source region. The jet-noise-source strength distribution can in particular be obtained using directional-microphone techniques based on ray-tracing. Chu & Kaplan 2 thus shown that the dominant sound source region in high-subsonic jets is located just downstream of the potential core. The variations of noise properties with jet velocity and emission angle can also bring support to the different jet noise theories. Lush 3 for example compared his measurements for subsonic jets with the predictions of Lighthill's theory, in order to discuss the validity of the convective amplification factor resulting from the theory, see also the review of Goldstein. 4 The trends exhibited by the experimental data at different emission angles moreover suggest clearly that jet noise is made of two basic components: [5] [6] [7] one dominating in the downstream direction, another dominating in the sideline direction. The variations of jet noise with the Reynolds number 8 are also particularly relevant to characterize the sound sources. Crighton 9 for instance noticed that the noise radiated by excited jets changes below the Reynolds number Re D = u j D/ν 10 5 (u j is the jet velocity, c 0 is the speed of sound in the ambient medium, and ν is the kinematic molecular viscosity). As the Reynolds number decreases, simulation results obtained by the authors of the present paper further shown that the downstream noise component is not appreciably modified, whereas the sideline noise tends to disappear. 10 To study jet noise sources from the sound field alone, we can finally note that an accurate description of the near pressure field may be especially appropriate. 11, 12 Sound source locations in terms of the turbulence maxima were discussed in this way by Zaman 11 for a jet at Mach number M = u j /c 0 = 0.5. To investigate jet noise generation mechanisms, another approach consists in searching for direct connections between the flow field and the radiated sound field. Specific events generating noise can first be tracked from simultaneous visualizations of the two fields. Pairing and tearing of vortical structures in the shear layer could have thus been linked to isolated acoustic waves radiated by the jets. 13, 14 More interestingly, the quasi-periodic intrusion of vortical structures into the jet at the end of the potential core has been connected to the noise component radiated in the downstream direction.
14 Jet noise sources can be also identified directly by using the causality method, in which cross-correlations between various flow quantities inside the jet and the radiated sound pressure are calculated. In the seventies, Siddon & Rackl 15 and Hurdl et al. 16 selected for instance the incompressible pressure fluctuations as the flow quantity. Hurdl et al. 16 made in particular measurements on a jet engine, with a pressure probe located one diameter off the jet axis at the end of the potential core. For a jet at M = 0.85, they observed normalized correlations of 0.139 with the acoustic pressure at an angle of 20 o to the jet axis, down to 0.006 at 90 o to the jet axis. The correlation levels were also found to decrease dramatically as the Mach number decreases, as illustrated by the correlation of 0.025 obtained at 20 o to the jet axis for a jet at M = 0.52. Other authors [17] [18] [19] [20] [21] [22] determined the cross-correlations between the velocity fluctuations inside the jet and the radiated pressure. The correlations measured for jets [17] [18] [19] [20] [21] with Mach numbers in the range 0.3 ≤ M ≤ 0.4 are however quite weak. At 40 o to the jet axis, Lee & Ribner 17 obtained for instance a maximum broadband correlation of only 0.02 for a M = 0.3 jet, while Seiner 18 noted that the correlations at 90 o to the jet axis for a M = 0.33 jet are too small to be accurately evaluated. In this case, filtering the flow and acoustic components 17, 18 or using conditional sampling 19, 20 was necessary to enhance the amplitude of the correlations. The correlations thus obtained from pressure radiated at small angles from the jet axis have allowed to show the source-strength distribution along the jet axis, and to discuss the contributions of the so-called shear-noise and self-noise. The region generating noise at the dominant frequency is in particular found after the end of the potential core. The correlations reported by Schaffar 22 for a jet at M = 0.98 exhibited higher levels than those at M 0.3 mentioned above. Schaffar 22 indeed observed maximum broadband correlations with pressure at 30 o to the jet axis of about 0.06 for points on the jet axis just downstream of the jet core. More recently, Panda et al. 23, 24 measured cross-correlations between the radiated pressure and flow quantities such as density and velocity fluctuations, for jets at Mach numbers 0.95 and 1.8. They observed higher correlation levels at M = 1.8, and shown the sharp fall of the maximum correlation with the radiation angle. Furthermore, the correlations between flow quantities along the shear layer and pressure at 30 o to the jet axis were found to be significant at M = 1.8, but very weak at M = 0.95.
In the present work, noise sources in subsonic jets are investigated using the causality method for jets at Mach numbers M = 0.6 and M = 0.9, with Reynolds numbers Re D = 1700 and Re D ≥ 10 5 , computed by Large Eddy Simulation (LES). Cross-correlations are calculated between the broadband turbulence signals and the broadband sound pressure signals provided by LES. This work is the continuation of earlier studies where different subsonic jets were simulated. The simulations were performed using a solver developed for direct noise computations with low-dissipative and low-dispersive numerical schemes. 25 The LES approach followed was based on an explicit selective filtering for subgrid modeling, 26, 27 in order to preserve the effective Re D given by the jet initial conditions. A jet at M = 0.9 and Re D = 4 × 10 5 was first considered. Flow and sound properties in agreement with high-Reynolds-number experimental data were obtained, 26 and the influence of the inflow conditions 28 and of the subgrid modeling 29 on results was shown. The effects of the Mach and Reynolds numbers on the noise radiated by jets at Mach numbers 0.6 and 0.9, with Reynolds numbers varying from 1700 up to 4 × 10 5 , were then described, 10 in order to characterize the two subsonic jet noise components. Two sound sources were exhibited: a Reynolds number-dependent source, predominant for large radiation angles, connected to the randomly-developing turbulence, and a deterministic source, radiating downstream. In the present work, we focus on the jets at M = 0.6 and M = 0.9, with Reynolds numbers Re D = 1700 and Re D ≥ 10 5 . The aim is in particular to study the influence of the Mach and Reynolds numbers on the flow-noise cross-correlations The correlations considered are those between the radiated pressure, and the fluctuating velocities, the Reynolds stresses, the turbulent kinetic energy and the vorticity norm along the jet axis and the shear layer. Attention is specially drawn to the pressure obtained at the radiation angles, relative to an origin at the end of the potential core, of 40 o and 90 o from the jet direction. Finally note that the centerline turbulence at the end of the jet core, where the maximum correlations with the radiated noise are likely to be found, is also briefly examined.
The paper is organized as follows. In section II, the main features of the numerical procedure are presented the parameters of different simulations are given, and the observation points are defined. The cross-correlations between the jet flow quantities and the radiated pressure are shown in section III, where properties of the centerline turbulence at the end of the jet core are also reported. Finally, section IV contains concluding remarks.
II. Simulation parameters

A. Numerical procedure
The numerical algorithm and parameters are those of the simulation 26 of a Mach M = 0.9, Reynolds Re D = 4 × 10 5 jet, referred to as LESac or LESsf in earlier papers. 26, 28, 29 The simulation time is however doubled for an accurate evaluation of the flow-noise cross-correlations.
The Cartesian filtered compressible Navier-Stokes equations are solved using numerical schemes with low dispersion and low dissipation properties. 25 A thirteen-point finite-difference scheme is used for spatial discretization, and an explicit six-stage Runge-Kutta algorithm is applied for time integration. Grid-to-grid oscillations are removed thanks to an explicit filtering which is optimized to damp only the short waves discretized by less than four points per wavelength. It is used to ensure numerical stability, and also to take into account the effects of the subgrid energy-dissipating scales without affecting the resolved scales. This approach was developed to preserve the effective Reynolds number of the jet, which might not be possible using eddy-viscosity subgrid models such as the dynamical Smagorinsky model. 29 Furthermore, in order to compute the radiated noise directly, non-reflective boundary conditions are implemented, with the addition of a sponge zone in the jet at the outflow.
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The computational domain is discretized by a 12.5 million point Cartesian grid with 15 points within the range 0 ≤ r ≤ r 0 , and extends radially up to r = 15r 0 from the jet axis. Due to stretching of the axial mesh size for x ≥ 26r 0 , the turbulent flow is computed accurately up to a distance of x = 25r 0 , and the sound field is resolved for Strouhal numbers St = fD/u j < 2 up to x = 30r 0 . The simulation times T are doubled with respect to the earlier studies 5 also referred to as LESac 26, 28 or as LESsf 29 in earlier papers. In the LESm09re1700 simulation, the Mach number of 0.9 is maintained but the Reynolds number is decreased down to Re D = 1700. In the LESm06hre and LESm06re1700 simulations, the Mach number is reduced down to M = 0.6. The former simulation is at a high Reynolds number Re D ≥ 10 5 , whereas the latter is at the low Reynolds number Re D = 1700 as in LESm09re1700. In all the simulations, the inflow parameters (shear-layer thickness, forcing) are identical. They are those specified for the LESm09hre simulation. 26, 28 Mean profiles of velocities, pressure and density are imposed at the jet inflow boundary. The axial velocity is given by a hyperbolic-tangent profile describing an annular shear layer of radius r 0 and of momentum thickness δ θ , with a ratio δ θ /r 0 = 0.05. Radial and azimuthal velocities are set to zero, pressure is set to the ambient pressure, and the mean density profile is obtained using a Crocco-Busemann relation for an isothermal jet. 26 To trip the turbulent transition, small random disturbances are added to the velocity profiles in the shear layer zone. Finally note that the influence of the inflow conditions and forcing on the jet flow and sound fields was recently studied.
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C. Definition of the observation points
Snapshots of the pressure fields generated by the jets were presented in a previous paper. 10 The properties of the sound radiated in the downstream and sideline directions were also described in detail. Two noise components were thus characterized. The first component appears as a well-marked peak at a low Strouhal number in the spectra obtained in the jet direction. In the present jets, it was found to dominate at about 30 o to the jet axis, with Strouhal peaks of St 0.3 at high Reynolds number, and of St 0.2 at Re D = 1700. The second component was observed to be predominant for large radiation angles. It is broadband and strongly dependent on the Reynolds number.
To study noise sources in the jets via the causality method, pressure and velocity are recorded at the observations points represented in the snapshot of figure 1 . The pressure signals are obtained along the lines defined by y = 15r 0 and z = 0, and by x = 29r 0 and z = 0. The turbulence signals are provided along the jet axis at y = z = 0 and along the shear layer at y = r 0 and z = 0. The turbulence quantities measured in the jet flow are the fluctuating velocities u , v and w , the Reynolds stresses u 2 , v 2 , and w 2 , the turbulent kinetic energy k = (u 2 + v 2 + w 2 )/2 and the vorticity norm |ω|. These quantities are correlated with the radiated fluctuating pressure p to determine the cross-correlation functions Cup, Cvp, Cwp, Cuup, Cvvp, Cwwp, Ckp, and C|ω|p. The normalized cross-correlations between the flow quantities u , u , k, and |ω| at point x 1 and pressure at point x 2 are for instance calculated in the following way:
where < · > denotes time averaging and t is the time delay between the turbulence and the pressure signals.
In the present simulated jets, the potential core length is not constant due to Mach and Reynolds number effects. The location of the end of the potential core x c , determined from the centerline mean axial velocity u c using u c (x c ) = 0.95u j , varies from x c = 9.5r 0 up to x c = 15.8r 0 , as shown in table 1. To obtain results at fixed radiation angles, two points M 40 and M 90 defining angles of 40 o and 90 o from the jet axis, relative to an origin at the end of the jet core, are therefore selected among the observation points in the acoustic field. Their locations are given in table 1 for the different simulations.
In the next section, four cases will then be investigated, depending on whether correlations are calculated between pressure at the point M 40 or M 90 , and turbulence along the jet axis or along the shear layer. They are represented in figure 2 , and referred to as M 40 /axis, M 40 /shear-layer, M 90 /shear-layer and M 90 /axis. Another case will be also considered to study the angular dependence of the results, by correlating the centerline turbulence at x = x c with the pressure at the different observation points in the acoustic field. The properties of the sound fields at the points M 40 and M 90 for which pressure will be correlated with the jet turbulence are now checked. The spectra obtained at point M 40 at the radiation angle of 40 o are shown in figure 3(a) for the M = 0.9 jets and in figure 3(b) for the M = 0.6 jets. At M = 0.9, the spectra are clearly dominated by frequency peaks typical of the downstream noise component. At M = 0.6, the downstream component peak is also apparent at the low Reynolds number. However at the high Reynolds number, the contributions of the two jet noise components cannot be distinguished. The pressure spectra obtained at point M 90 in the sideline direction are presented in figures 4(a) and 4(b) for the jets at Mach 0.9 and 0.6. These spectra correspond to those reported in a previous paper.
10 Their characteristics were shown to be those of the broadband noise component attributed to the randomlydeveloping turbulence, at high Reynolds number but also at Re D = 1700. Note that at a given Reynolds number, the shapes of the spectra obtained for the jets at M = 0.9 and M = 0.6 are very similar. The dramatic influence of the Reynolds number on the sideline spectra is also observed. As the Reynolds number decreases, a significant part of the high-frequency noise disappears. Consequently, the peak frequency is lower, down to a Strouhal number St 0.2 at the Reynolds number Re D = 1700. 
III. Results
A. Correlations between pressure at M 40 and jet turbulence
Case M 40 /axis
The normalized cross-correlations between the fluctuating pressure at point M 40 at 40 o to the jet axis and the turbulence signals u , v , u 2 , v 2 , w 2 , k and |ω| along the jet axis are represented in figure 5 for the different jets. The correlations with the fluctuating velocity w are not presented because they are found to be negligible. At a given Reynolds number, the correlation maps provided by the jets at Mach 0.9 and 0.6 are very similar. This is visible both at Re D ≥ 10 1), show significant values of both positive and negative signs, whereas the correlations with the Reynolds stresses, the turbulent kinetic energy and the vorticity norm are dominated by positive values, especially at the low Reynolds number of Re D = 1700. In addition, the higher correlation levels are observed in the vicinity of the end of the potential core, indicated by an horizontal dotted line. They also occur for time delays close to the time corresponding to a propagation between the centerline points and the point M 40 at the speed of sound in the ambient medium, which is given by a vertical solid line. The latter points are for instance remarkably illustrated by the correlations with the vorticity norm, C|ω|p, for the LESm09re1700 jet in figure 5(7)(b). In this case, the maximum correlation is found at the point of intersection of the solid and dotted lines.
The space/time position of the maximum correlations is investigated more quantitatively in figures 6 and 7. In figures 6, the axial profiles of the peaks of −Cup, Cuup and C|ω|p, are represented for the different jets. In all cases, the maximum is observed near the end of the potential core. The axial location of the maximum correlations is in particular very close to x = x c for the jets at Re D = 1700 in figures 6(b) and 6(d). At the high Reynolds numbers Re D ≥ 10 5 , the maximum correlations appear however slightly upstream, e.g. in figures 6(1)(a) and 6(1)(c) for the peaks of −Cup.
The cross-correlation functions between pressure at point M 40 and velocity u at x = x c − 2r 0 , Reynolds stresses u 2 and vorticity norm |ω| at x = x c on the jet centerline are given in figures 7. The shapes of the (1) correlation
basically different with a positive peak followed by a negative peak located fairly well at the propagation time delay, as shown for instance in figure 7(1)(b) for the LESm09re1700 jet. The present correlation curves are in good agreement with the experimental data obtained by Schaffar 22 for a jet at M = 0.98 between pressure at 30 o to the jet axis and centerline turbulence at the end of the jet core. As for the levels of the maximum correlations between pressure at point M 40 and centerline turbulence, they are provided in table 2 with the maxima of −Cup, Cuup, Cvvp, Cwwp, Ckp and C|ω|p for the different simulated jets. Their variations with the Mach and Reynolds numbers are thus shown. In all the cases reported, the correlations decrease as the Mach number is reduced from M = 0.9 down to M = 0.6. This trend is in agreement with the experimental data of Hurdl et al. 16 and Panda et al. 23, 24 Furthermore the correlations are higher at the low Reynolds number Re D = 1700 than at the high Reynolds numbers Re D ≥ 10 5 . These effects of the Mach and Reynolds numbers are clearly illustrated in figure 8 by the axial variations of the peak of C|ω|p for the different jets.
In table 2, the higher values are obtained for the maxima of −Cup, which are around 0.15. The maximum correlations calculated from the signals of Reynolds stresses u 2 , v 2 , w 2 , turbulent kinetic energy k and vorticity norm |ω| are moreover rather close, with for instance levels between 0.06 and 0.08 for the LESm09hre jet. These turbulence signals can therefore be expected to display a commun characteristic accounting for these similar results. It is difficult to check the present levels from the experimental data of the literature, which were often filtered cross-correlations for jets at low Mach numbers. [17] [18] [19] [20] [21] The only relevant data are the broadband correlations provided by Schaffar 22 for a jet at M = 0.98, between pressure at 30 o to the jet axis and signals of u and u 2 on the jet axis. Schaffar 22 thus obtained peaks of −Cup and Cuup of about 0.06 and 0.04, respectively. These values are significantly lower than our findings for the LESm09hre jet. This discrepancy may be due to the high Reynolds number of the jet studied by Schaffar.
22 At Re D = 9× 10 5 , his jet is certainly fully turbulent at the nozzle exit, 31 and parasitic velocity fluctuations are likely to be found in the jet core on the centerline. This may decrease the correlation levels with respect to the case where the jet is initially transitional, as in our simulations. 
Case M 40 /shear-layer
The normalized correlations between pressure at downstream observation point M 40 and the signals of fluctuating velocity u and Reynolds stresses u 2 , v 2 and w 2 along the shear layer are represented in figure 9 . The correlations involving other turbulence quantities are not shown here because they are much smaller. The correlations presented are themselves weak. At high Reynolds numbers in figures 9(a) and figures 9(c), they even seem negligible, which agrees well with the measurements of Panda et al. 23, 24 displaying very weak correlation between shear-layer turbulence and pressure at 30 o to the jet axis for a high-Reynolds-number jet at M = 0.95. At Re D = 1700 in figures 9(a) and figures 9(c), the correlation levels are however higher, especially for Cvvp and Cwwp calculated from the Reynolds stresses v 2 and w 2 . In these two cases, the peak correlations appear in the vicinity of the end of the potential core, at a time delay in good agreement with the propagation time delay, as in the previous case M 40 /jet axis, but exhibit lower values.
These observations are supported in figures 10 by the axial variations of the peaks of Cvvp and Cwwp. At high Reynolds numbers, no significant peak can be distinguished from the floor noise of about 0.03. At the low Reynolds number of Re D = 1700, the correlation levels are higher in the region near the end of the jet core. The maximum correlations are about 0.06 for the jet at Mach 0.9 and 0.05 for the jet at Mach 0.6. These values are noticeably lower than the maximum correlations obtained between pressure at point M 40 and centerline Reynolds stresses, which are about 0.14 for the LESm09re1700 jet at M = 0.9 and 0.10 for the LESm06re1700 jet at M = 0.6, as reported in table 2. Exhibiting causality links between sideline pressure and shear-layer turbulence therefore appears difficult using broadband direct cross-correlations, although measurements suggested that a significant part of sideline noise is generated in the jet shear-layer.
11 These weak correlation levels certainly arise from the fact that the noise components predominant in the sideline direction are due the randomly-developing turbulence, 6, 10 over an extended source region as pointed out by Seiner. (1) Cup opposite case: the peak nearly at the propagation time is negative, and the preceding is positive. As for the peak levels, they are about 0.08-0.10. They are lower than the peak levels obtained in the case M 40 /axis, which are in the range 0.10-0.15. In addition, no appreciable effect of the Mach number can be convincingly found between the present results at Mach 0.9 and Mach 0.6. 
C. Properties of centerline turbulence
In this section, the properties of the centerline turbulence, for which the maximum correlations are obtained with the radiated pressure, are briefly investigated.
Spectral properties
The spectral content of the centerline turbulence is first studied. The spectra of the fluctuating radial velocity v obtained on the jet axis at the end of the potential core, at x = x c , are presented in figures 14(a) and 14(b) for the jets at Mach 0.9 and Mach 0.6, respectively. At both Mach numbers, the spectra are dominated by frequency peaks at the low Strouhal numbers of St 0.3 at the high Reynolds numbers Re D ≥ 10 5 , and of St 0.2 at Re D = 1700. The peaks are however more marked for the high-Reynoldsnumber jets. The peak frequencies of the present spectra of velocity at the end of the jet core are in good agreement with the peak Strouhal numbers of the downstream sound pressure spectra obtained at about 30 o to the jet axis, which are given in a previous paper.
10 They further agree with the peaks observed in the pressure spectra at 40 o to the jet axis for the M = 0.9 jets, as shown in figure 3 (a). The variations of the peak Strouhal in the spectra of centerline v velocity are now presented in figures 15(a) . The magnitudes associated with the peaks are also provided in figure 15(b) , showing the rapid increase of the turbulence intensity at the end of the potential core. For the different simulated jets, the peak Strouhal number is found not to vary much in the region extending from two diameters upstream of the end of the potential core to two diameters downstream. This observation suggests the occurrence, at the end of the potential core on the jet axis, of a turbulence phenomenon that is persistent over a large distance. 
Intermittency
The features of the flow phenomena at the end of the potential core are now investigated through intermittency. 32 In the literature, the intermittency of momentum and heat transport in turbulent round jets was for instance studied by Chevray & Tutu. 33 The intermittency of the noise emission in subsonic jets was also shown by Juvé et al. 20 thanks to the use of a conditional sampling procedure in the calculation of cross-correlations between far-field acoustic pressure at 30 o to the jet direction and velocity fluctuations in a M = 0.4 jet.
In the present work, the intermittency of the centerline turbulence is analyzed by means of the function I(t) defined arbitrarily from the vorticity norm |ω| by I(t) = 1 if |ω| higher than < |ω| > /2 0 otherwise which allows to determine the intermittency factor γ =<I(t) >. This γ factor is based on the vorticity norm, but Reynolds stresses or turbulent kinetic energy can be used in the same way. It is expected to be γ 1 when the vorticity signal is turbulent, but γ 0 when the signal is intermittent. The intermittency factor γ, calculated along the jet centerline from the vorticity norm |ω| as described above, is represented in figure 16(a) . For the four simulated jets, the factor γ is about 1 in the first part of the potential core, and displays a noticeable decrease near the end of the core, down to about 0.25 for the LESm09re1700 jet, with a minimum located slightly upstream of x = x c . Farther downstream, the factor γ increases progressively to recover finally values close to 1. The vorticity signal is therefore significantly intermittent in the vicinity of the end of the jet core. The intermittency level is found to be a little higher at Mach 0.9 than at Mach 0.6. It also increases appreciably as the Reynolds number is reduced down to Re D = 1700. Moreover, there is a good similarity between the variations of the intermittency of centerline vorticity norm |ω|, in figure 16 (a), and those of the peak of the correlations C|ω|p between pressure at point M 40 and centerline vorticity, in figure 8 . The higher the intermittency, the higher the maximum correlation.
The intermittency of centerline turbulence is illustrated in figure 16(b) by the time evolution of the vorticity norm |ω| at x = x c on the jet axis, for the LESm09re1700 jet. Turbulence appears to be intermittently, and periodically, present on the jet axis at the end of the potential core. The associated non-dimensional period is between 4 and 5, which is in good agreement with the peak Strouhal number obtained in the spectra of velocity v , in figures 14(a) and 15(a). This phenomenon of intrusion of vortical structures into the jet core was described by the authors from results of a previous jet simulation.
14 It was also connected to the sound waves radiated in the downstream direction. The present results strongly support this view. The deterministic source responsible for the downstream jet noise component 10 is therefore likely to be this mechanism intrinsic to the jet geometry at the end of the potential core.
To show how the intermittent signals of turbulence can provide significant correlations with the pressure radiated downstream, the time evolutions of vorticity |ω| at x = x c on the jet axis, and of pressure p at point M 40 , are both represented in figure 17(a) for the LESm09re1700 jet. The pressure signal is given at the retarded time taking account of the propagation time delay at the speed of sound between the two observation points. The bursts of vorticity appear to be well correlated with positive pressure fronts, which yields the positive correlation peak obtained in figures 5(7)(b) and 7(3)(b). Identical observations could be made with the signals of Reynolds stresses and turbulence kinetic energy, which all are positive quantities, and exhibit similar cross-correlations with the radiated pressure.
For the fluctuating axial velocity u , the case is different: the intrusion of vortical structures in the jet core results in a velocity deficit. Strong negative peaks of u , more marked than those attributed to random turbulent motions, then occur intermittently. These peaks are clearly observed in figure 17(b) where the signal of velocity u is presented for the LESm09re1700 jet at the same time as vorticity norm in figure 17(a) above. They correlate with the positive fronts of the pressure signal at point M 40 , which is represented at the appropriate retarded time as previously. This gives the significant negative correlations obtained in figures 5(1)(b) and 7(1)(b). Note that these results agree with the experimental observations of Juvé et al. 20 who noticed that, for points located near the end of the potential core, the periods of noise generation appear to coincide frequently with a marked deceleration of the flow. Finally, for the fluctuating velocities v and w , the intermittency at the end of the jet core does not produce remarkable deviations in the signals. Fluctuations v and w are therefore only associated with the random motions of vortical structures, which leads to the weak cross-correlations with the radiated pressure. 
D. Correlations between pressure and turbulence at the end of the jet core
The variations with the emission angle of the correlations between radiated presssure and centerline turbulence at the end of the potential core are finally investigated for the high-Reynolds-number jets. Normalized correlations are thus calculated between turbulence signals at x = x c on the jet axis, and pressure at the different acoustic observation points presented in figure 1 . The peaks of cross-correlations Cup and C|ω|p, involving velocity u and vorticity norm |ω|, are plotted respectively in figures 18(a) and 18(b), as functions of the emission angle θ relative to the end of the jet core, for the high-Reynolds-number jets at M = 0.9 and M = 0.6. In both cases, the correlations are significantly higher with the pressure radiated in the downstream direction. The correlation levels are observed to decrease dramatically with the emission angle. They are even negligible for θ ≥ 75
o . This behaviour is in agreement with the experimental data provided for high-Reynolds-number jets by Hurdl et al. 16 and Panda et al. 24 The angular dependence of the correlations between pressure and turbulence at the end of the jet core brings us some information about the contribution of the intermittent sound source to the radiated noise for the high-Reynolds-numbers jets considered. This contribution is found to be very important at small radiation angles, but negligible in the sideline direction, which is in agreement with the source directivity suggested by other works. 
IV. Summary and conclusion
In the present paper, noise sources are investigated using the causality method in subsonic round jets computed by Large Eddy Simulation, at Mach numbers M = 0.6 and M = 0.9, at the low and high Reynolds numbers of Re D = 1700 and Re D ≥ 10 5 . Normalized cross-correlations between the broadband signals of jet turbulence and of radiated pressure, provided directly by the simulations, are presented. The turbulence quantities considered here are the fluctuating velocities, the Reynolds stresses, the turbulent kinetic energy and the vorticity norm. Correlations are in particular calculated using the pressure obtained at the radiation angles, relative to an origin at the end of the potential core, of 40 o and 90 o from the jet direction, and turbulence along the jet axis and along the shear layer.
For the pressure radiated at 40 o to the jet axis, significant correlations are obtained with the centerline turbulence for all the simulated jets. Peak correlations are observed at the end of the potential core, for time delays corresponding fairly well to the time of propagation at the speed of sound between the source and the emission points. The maximum correlations are between 0.06 and 0.15 for the jets at high Reynolds numbers Re D ≥ 10 5 . They are higher for the jets at the low Reynolds number of Re D = 1700. They also decrease as the Mach number is reduced. The correlations between pressure at 40 o to the jet axis and turbulence along the shear layer are considerably smaller. They reach a maximum of only 0.06 for the jets at Re D = 1700, and are even negligible for the high-Reynolds-number jet.
For the sideline pressure at 90 o to the jet axis, the correlations with the shear-layer turbulence are found to be insignificant for all the computed jets. The cross-correlations with the centerline turbulence are also weak, especially for the high-Reynolds-number jets. They are however appreciable for the jets at Re D = 1700. In that case, maximum correlation levels of about 0.10 are obtained at the end of the jet core.
The present results support the presence of a noise generation mechanism near the end of the potential core, on the jet centerline. The correlations moreover suggest that the contribution of this sound source to the radiated noise is important in the downstream direction, but very small in the sideline direction, except maybe at very low Reynolds numbers. Considering this feature, the noise source in question is likely to be the source responsible for the downstream jet noise component exhibited in experimental and numerical works. The signals of turbulence at the end of the jet core moreover show that this source is characterized by a dominant low-Strouhal-number frequency over a large axial distance and by a high level of intermittency. The periodic and intermittent intrusion of vortical structures into the jet core, and consequently their sudden acceleration, can therefore be expected to be the turbulent phenomenon involved in this noise generation mechanism.
